ABSTRACT We present a small-scale pneumo-hydraulic energy storage system (ss-CAES) which can provide frequency support to a power grid, as fast instantaneous reserve. This system is designed to be maintained at rest until called, thus avoiding idling costs. It utilizes a hydraulic drive train which transmits very high torque directly to the shaft of a synchronous generator, thus enabling rapid acceleration of the rotor. When an under-frequency event occurs, the generator must be accelerated from rest and synchronized to the grid. Here, we show that this is achieved by a ballistic synchronization approach which computes and follows an acceleration trajectory which simultaneously synchronizes both phase and frequency. A two-stage strategy is employed which switches from the ballistic acceleration trajectory to a grid-following mode once the synchronization conditions have been met. Computer simulations indicate that this approach enables very rapid synchronization of a model system to the grid in <1.5 s. We then demonstrate this approach in hardware by implementing the developed control system upon a 100-kW-rated ss-CAES prototype. The dynamic characteristics of the hardware prototype are experimentally determined to obtain and optimize the key control parameters. These values are then used to demonstrate the start-up and synchronization from the rest of the 100 kW generator to a 50 Hz signal in <4 s. Our results prove the feasibility of utilizing distributed standalone synchronous generation units for frequency support in small islanded power grids.
I. INTRODUCTION
Widespread uptake of intermittent renewable generation within national power grids has led to increased requirements for frequency regulation [1] , [2] . When a contingent event occurs that results in a significant loss of generation or disconnection of a line, the system operator must restore network frequency, by either increasing generation from ''instantaneous reserves'' (IR), or decreasing demand from selected ''interruptible loads'' (IL) [3] , [4] . It is well-known that energy storage systems can be used to provide IR for underfrequency support [5] - [7] .
The provision of IR (also known as spinning reserve) can be divided into two broad classes: ''Fast instantaneous Reserve'' (FIR) systems which are capable of responding rapidly when triggered; and ''Sustainable Instantaneous Reserves'' (SIR) which respond more slowly but provide sustained generation support until additional baseload generation can be brought online [8] . The required speed of response from FIR and SIR varies depending on the topology and total inertia of the power grid. Large grids with high inertia (such as those found in continental Europe [9] and USA [10] ), can tolerate IR systems which respond within 10 to 30 s of being called. However, small islanded grids with much lower inertia have more stringent requirements. For example, in New Zealand FIR must deliver synchronous power to the grid within 6 s of being called by the system operator, and must maintain this power output for at least 60 s (until SIR becomes available) [11] .
Internationally, thermal generation units are often employed to provide spinning reserves [12] . This utilizes spare or partially-loaded units which maintain synchronicity with the grid at all times so that they can rapidly deliver additional power by simply increasing torque from the prime mover [13] . The main disadvantage of this approach is that it incurs significant operational costs at times when the unit is not delivering power, due to mechanical inefficiencies and fuel consumption. These losses dominate the cost of providing a spinning reserve, as such systems spend the vast majority of time in an idle, but available, state [14] , [15] . For example, in New Zealand, IR systems are typically triggered only 10-12 times per year [11] . From this perspective, a better solution would be to maintain the IR unit at rest while idle, and then rapidly accelerate and synchronize the generator when it is called to deliver power. In this way, the system will not incur significant idling costs, since it is only rotating when called upon to generate power. An additional concern with the conventional provision of IR by large centralized generators is that this approach can be vulnerable to interruption of critical nodes in the network between geographical centers of demand and generation. This is particularly the case in weakly inter-connected island networks such as that found in New Zealand. A more robust approach would be to install distributed IR units close to centers of demand.
In this paper, we describe a prototype fast-response synchronous generating unit which can be called from rest and is designed to be installed as a distributed source of IR within a power grid. This prototype is based upon a small-scale pneumo-hydraulic compressed air energy storage system (ss-CAES) [16] - [18] . This approach enables a system with high power output to be realized at relatively low capital cost. This represents an advantage over alternative DC storage systems (e.g. batteries, supercapacitors) in which the rating of the power inverter determines the power capacity [19] . Importantly, for IR applications the efficiency of the energy storage unit is not the most relevant factor -instead, the emphasis is placed upon the ability of the unit to startup as quickly as possible, and then deliver high power for a short duration. Hydraulic drive trains enable very high torque to be cost-effectively transmitted to the generator shaft, while also providing valve-based control of the speed (or torque) across a wide range of speeds [20] , [21] . This combination of power and control enables the implementation of novel start-up control strategies for the prime-mover which are not available in other mechanical systems.
Conventionally, a synchronous generator is first accelerated from rest to match its frequency with the grid. The relative phase difference between the generator and grid is then adjusted to meet the synchronization conditions. However, this approach is slow, as the relative phase velocity between grid and generator is low once the frequencies have been approximately matched. Instead, in this paper, we discuss and demonstrate an alternative ''ballistic synchronization'' approach. This method computes an acceleration trajectory for which both the phase and frequency of the generator and grid will simultaneously match at the synchronization moment [18] , [22] , [23] . Here, we describe the implementation of a two-stage control approach which ensures the synchronization window is maintained for sufficient time to connect the generator to the grid physically. We reported the experimental demonstration of this control system in a hardware prototype ss-CAES system comprising a 100 kW synchronous generator and matched hydraulic drive-train. This hardware implementation employs feedback control of the prime-mover acceleration (torque) during start-up, and real-time measurements of the generator rotor position and grid phase in order to determine the required acceleration trajectory.
The rest of the paper is structured as follows: Section II briefly describes the main components of the prototype ss-CAES system used in this work, along with a description of the proposed novel ballistic synchronization approach. Section III presents the experimental characterisation of the main components of the prototype. The influence of the controller parameters on the generator's output is shown and discussed in Section IV. Section V then presents the experimental testing and demonstration of the ballistic synchronization control system, while Section VI provides summary conclusions on the presented research. Fig. 1 depicts a schematic of the prototype ss-CAES system designed and tested in this study, which employs a pneumohydraulic accumulator to store energy in the form of compressed gas [24] , [25] . When triggered, this stored energy is released, and pressure drives fluid through the hydraulic circuit [26] , [27] . This accelerates the hydraulic motor which is directly coupled to the shaft of a 4-pole 3-phase synchronous generator [28] . The acceleration profile is controlled using a hydraulic proportional throttle valve (Parker NG16). This is a poppet valve [29] , [30] , in which the orifice size is controlled by the solenoid drive current. Such proportional valves are relatively low cost but do not provide servo-control of the orifice size. Instead, our approach employs feedback control based on the generator's phase, speed, and acceleration, which are measured using a quadrature incremental position encoder installed on the shaft of the electrical machine. A photograph of the prototype system during experimental testing is shown in Fig. 2 . 
II. SYSTEM OVERVIEW AND SYNCHRONIZATION APPROACH

A. SYNCHRONIZATION APPROACH
The synchronization conditions required to connect a 100 kW generator with a power grid are set out in the IEEE standard 1524 [31] . In summary, this requires that: (i) generator and grid voltages should match to within ±10 V; (ii) frequencies (f gen,grid ) should match to within ±0.3 Hz; and (iii) the phase difference between generator and grid should be within ±20 • . While the generator voltage can be readily adjusted through electronic control of the current in the rotor windings, the requirements to match phase and frequency necessitate mechanical control of rotor speed and angular position. In order to achieve mechanical synchronization within our targeted 6 s window, a novel rapid synchronization approach has been developed and implemented, which we refer to as ''ballistic synchronization''.
The basic principles behind this approach are described in [18] and [23] . It can be summarized as the process of synchronization by controlling the acceleration trajectory of the generator to target a future moment in time at which both the phase and frequency of the generator simultaneously match the grid values. Feedback control of the acceleration trajectory of the generator phase is enabled through a real-time measurement of the angular position of the generator shaft. A visual representation of this approach is depicted in Fig. 3 . The diagonal lines shifted by multiples of 2π represent equivalent phase angles occurring in sequential 50 Hz grid cycles. In this plot, the system is triggered at 1 s. To achieve ballistic synchronization, the generator must accelerate so that its phase trajectory will tangentially intersect one of the diagonal grid cycle lines. Tangential intersection indicates the point where both the frequency and phase of the generator and the grid are mutually synchronized.
To implement this method in hardware, a linear interpretation of the generator and grid phases is used [32] .
where V gen is the voltage waveform of the generator (V), V gen m is the amplitude of the generator voltage cycle (V), θ gen is the generator phase (position) (rad) and ω gen is the angular frequency of the generator (rad/s). The electrical phase of the generator is determined from the angular position of the rotor, such that θ gen = 2 gen where gen is the mechanical angular position of the generator rotor (rad) (as the generator has a 4-pole rotor). Analogous equations define the grid phase, θ grid , and angular frequency, ω grid . As the generator is accelerated from rest, its angular speed (frequency) increases rapidly, such that:
where α gen is the acceleration of the generator phase angle (rad/s 2 ) and t 0 is the current sample time (s). The phase acceleration of the generator, α gen , is proportional to the torque exerted on the generator shaft by the prime mover (hydraulic motor).
At the moment of synchronization, t sync (s), the position and speed of the generator rotor must exactly match with a grid cycle, such that the following conditions must be met: where ω grid is the angular frequency of the grid (rad/s), θ grid is the grid phase (rad) and n is an integer.
This can be achieved by following the constant acceleration trajectory given in (7) [18] :
where α optml is the optimal acceleration for synchronization (rad/s 2 ), θ target = θ grid − 2πn is chosen so that the acceleration does not exceed a safe maximum upper limit. Employing a constant acceleration trajectory minimizes the dynamic demands on the valve actuator, and hence reduces the risk of creating additional transients in the hydraulic circuit, due to the sudden movements of the valve poppet.
The target grid cycle is identified by its absolute phase, θ target , and is continuously recomputed as the control algorithm is executed at a rate of 1 kHz in the main controller. It is common for the controller to repeatedly recompute the target grid cycle during the early stages of acceleration (when the relative phase velocity is largest). This can be observed in Fig. 3 , which shows a series of 2π jumps in θ target which occur between 1.0 and 1.3 s. Fig. 3 also shows two different computed acceleration trajectories. The blue line shows a continuous acceleration trajectory in which the generator maintains constant acceleration at all times.
In this case, the circuit breaker must be closed quickly, before the generator accelerates past the grid and exits the synchronization window. However, when rapid acceleration trajectories are employed this window is very short and can be < 20 ms when targeting synchronization in < 6 s [23] . In practice, this is not sufficient time to allow a mechanical circuit breaker to be closed. To address this, we have implemented an improved 2-stage control approach which follows the ballistic accelerating trajectory of (7) until the generator enters the synchronization window, at which point the control algorithm switches to a 'grid-following' mode which then tracks the grid phase and frequency. The resulting 2-stage control trajectory is shown by the line with symbols in Fig. 3 . This 2-stage approach now indefinitely extends the available synchronization window, providing ample time for circuit breakers to be closed and hence connect the generator to the grid. Fig. 4(a) shows the effect of limiting the permitted maximum acceleration rate on the resulting computed acceleration trajectory. In each case, the control system can identify an optimum target phase; the effect being simply that the controller achieves synchronization at successively later grid cycles.
B. MATHEMATICAL MODEL OF THE PROPOSED SYSTEM
A mathematical model of our ss-CAES prototype and the power grid has been designed and implemented in Matlab/ Simulink environment (Fig. 5 ). This Simulink model has enabled simulations of the expected performance of our hardware prototype during ballistic synchronization control.
The power grid is modeled as a three-phase voltage source with variable frequency and phase. This allows modeling of contingent events that are characterized by phase and/or frequency fluctuations. The frequency and phase of the power grid are determined using a quadrature phase lock loop (qPLL) method (see [18] ). The ''Electro-hydraulic drive'' block simulates the hydraulic circuit within the prototype. Key components are the proportional throttle valve (NG16) and the hydraulic motor. The key control parameter during start-up synchronization is the signal passed to the control valve NG16, as the opening of this valve determines the pressure dropped across the hydraulic motor, and hence the torque applied to the generator drive-shaft. The ''Acceleration derivation'' block calculates the required acceleration of the generator. Fig. 6(a) depicts an overview of the logic flow in this continuously executed algorithm, which inputs measurements of θ gen , θ grid , ω gen , ω grid and α gen . The output from the ''Acceleration Derivation'' block then inputs to the ''Controller block'' shown in Fig. 6(b) . This follows the demand acceleration (α optml ) using a combination of PI control and a simultaneous feed-forward component (see Section IV). Mathematical modeling of a proportional throttle valve is commonly achieved using two independent transfer functions. The first function (control stage) describes the dynamics of the valve, i.e., how fast the valve can be opened to a specific orifice area. This can be described by a second-order transfer function [33] :
where ω n is the natural frequency of the hydraulic control valve (rad/s) and ζ is the damping ratio of the hydraulic control valve. The second part of the model (power stage) can be presented as a 2D lookup table, giving the flow rate and differential pressure across the valve at incremental values for the orifice opening (or control voltage) [33] .
III. PARAMETERISATION OF THE MAIN COMPONENTS OF THE SYSTEM
The dynamic characteristics of the NG16 valve and hydraulic motor within our prototype must be characterized to determine the correct transfer function parameters. Valve parameterisation is often undertaken based on manufacturer's data, but this can be inaccurate due to the limited range of conditions for which data is reported and the severe non-linearity of hydraulic components [34] . To avoid these issues, we have experimentally characterized the NG16 valve used here [35] .
Tests were performed for valve openings between 45% and 80%. This corresponds to the expected dynamic range of movement of the valve required to control acceleration during ballistic synchronization. The NG16 proportional valve was controlled by a custom-designed linear amplifier, and the hydraulic circuit was pressurized using a high power hydraulic power pack with a maximum flow rate of 150 lpm and the maximum output pressure of 110 bar. During these valve characterization tests, the differential pressure across the proportional valve was adjusted using a downstream in-line needle valve. Data was logged from a flow meter (WEBTEC LT300-FM-B-B-6) and pressure sensors placed on either side of the valve.
A. EXPERIMENTAL PARAMETERISATION OF THE VALVE'S CONTROL STAGE
The transient dynamics of the valve (as it is opened or closed) correspond to the control stage transfer function (8) . A series of step tests were carried out to determine the correct control stage parameters, in which differing voltage steps were fed to the valve amplifier. Example data is shown in Fig. 7 . During the experimental testing, it was noted that the behavior of the valve in our experimental tests differed substantially from the data presented by the manufacturer. The experimentally observed behavior is difficult to reproduce using standard first and second order transfer functions. However, it is possible to find an average curve between all of the experimental data sets and the manufacturer's profile, and derive its transfer function. In this way, the following parameters were calculated: ω n = 33.532 rad/s and ζ = 0.357. It can be seen from Fig. 7 that the resulting transfer function is significantly slower than the experimental data, meaning that the actual hardware valve is, in fact, capable of reacting faster than the simulated results.
B. EXPERIMENTAL PARAMETERISATION OF THE VALVE'S POWER STAGE
The power stage transfer function describes the steady-state relationship between the flow rate and the opening extent of the control valve. This can be experimentally determined from steady-state tests undertaken at a range of constant differential pressure levels across the valve. Six tests were carried out at differing differential pressures across the valve: 10 bar, 20 bar, 30 bar, 50 bar, 70 bar and 100 bar. The valve flow coefficient can then be obtained from these experimental results, according to [29] :
where C v is the flow discharge coefficient (valve sizing coefficient), Q is the flow rate (lpm), P is the differential pressure across the control valve or hydraulic motor (bar) and SG is the specific gravity of the pumped fluid through the control valve.
Experimentally determined values of C v are shown in Fig. 8 . Values were found to be consistent across the range of pressures studied. The power-stage transfer function is thus obtained from simple interpolation of this experimental curve, in conjunction with (9). 
C. TOTAL SYSTEM INERTIA
In addition to the proportional throttle valve, it is also necessary to determine the displacement of the hydraulic motor, V D (l/rev), and the total inertia of the drive train, J (which includes the hydraulic fluid, motor and generator rotor) (kg/m 2 ) [36] . The displacement, V D , can be adjusted via a swash-plate drive and was set to 0.0715 l/rev during our experiments. This ensured that the motor speed could exceed 1500 RPM at the available pump flow rate. The displacement value was verified from measurements from the position encoder and flow meter, since: (10) where N RPM is the motor's velocity (RPM). The inertia of the system determines how fast the electrohydraulic drive train can accelerate the generator rotor under a given torque (or hydraulic pressure). In this system the inertia has been derived from free acceleration measurements of the generator rotor:
where T is the drive train's torque (N·m). Meanwhile, the motor's torque can be derived experimentally as:
83 (12) where η o is the overall efficiency of the hydraulic motor.
We have confirmed the measured values for the motor displacement and inertia through comparison of the results from our Simulink model and experiment. Fig. 9 shows the close agreement obtained for the acceleration of the motor at a constant control voltage of 6.6 V triggered at 0 s. The initial delay in the acceleration of the motor (see inset) is caused by the delay in the opening of the valve poppet (as described by the control stage transfer function in Section III.A) 
D. MEASUREMENT OF ROTOR ACCELERATION
The synchronization controller employs feedback control of the generator acceleration. However, while the position and velocity measurements are obtained directly from the high-resolution encoder, the acceleration is calculated in the control loop from the velocity channel values. This leads to significant quantisation noise in the unfiltered measured acceleration, as can be seen from the unfiltered 'original' data shown in Fig. 10 . Signal filtering is required to reduce this noise before the signal can be input to the control system. A series of experimental tests were performed to compare the behavior of different filtering techniques (with the same sample length windows), and Savitzky-Golay filtering was found to provide the most robust performance. Fig. 10 shows the effect of Savitzky-Golay filtering on the measured acceleration signal, using three different window lengths [37] . The plot shows the significant reduction in noise levels obtained after filtering over a 20 ms window (equal to 20 samples at 1 kHz sampling rate). This sampling window does incur a small time delay in the acceleration measurement, but this does not prevent the controller from achieving synchronization (see Section V). 
IV. INFLUENCE OF THE CONTROLLER PARAMETERS ON SYNCHRONIZATION OF THE GENERATOR
The controller block (Fig. 6(b) ) contains several key parameters which require tuning before the ballistic control approach can be tested. This calibration was performed on the hardware system, with the maximum allowable acceleration set to correspond to the desired synchronization time of 4 s. Parameters for three separate controller channels are required:
(i) Opening Voltage of the Valve: This is the zero-offset of the valve control voltage which does not change, and hence is set constant at all times. The set value needs to be sufficient to open the valve beyond the initial opening stage where its characteristics are highly non-linear. Based on the experimental verification of the valve, a value of 4 V was implemented into the control system.
(ii) PI-Controller Parameters for the Acceleration Control: A PI-controller is used to provide feedback (zeroerror) control of the acceleration channel (Fig. 6) , and hence keep the generator within the synchronization boundaries in case of a sudden change of grid frequency or machine dynamics (velocity and acceleration). The PI-controller was iteratively tuned within the mathematical model and then implemented in the hardware setup.
(iii) Feed-Forward Channel Parameters: Feed-forward control is used to reduce the output contribution required from the PI component, thus increasing the response speed and stability of the overall control system [38] . This approach uses the rotor velocity channel (ω gen ) to compensate for the increasing pressure drop across the valve as the fluid flow rate increases (Fig. 6) . The feedforward control parameters were tuned during an initial set of runs in the hardware prototype. Fig. 11 shows plots of the phase difference, θ obtained using different values of the feedforward parameter F 1 during a set of attempted ballistic control trajectories with constant values of F 2 , G 1 and δ. Optimal synchronization was achieved with F 1 = 11.5, while values of F 1 significantly different from this led to system undershoot in which synchronization never occurred. 
V. HARDWARE VERIFICATION OF BALLISTIC SYNCHRONIZATION APPROACH
Once all of the main components of the hardware prototype had been experimentally parameterised, our ballistic synchronization algorithm was then optimized using results from the Simulink model. The simulations indicated that our prototype system should theoretically be capable of achieving mechanical synchronization within 1 s after system startup. However, such performance requires a large initial acceleration equal to the full rated torque of the generator shaft. In order to extend the safety margins in the initial experimental tests reported here, we have targeted a slightly slower synchronization time of 4 s. This was achieved by limiting the maximum allowable acceleration in the main control script (as discussed in Section II.A and Fig. 4 ). Optimized controller coefficients were then implemented in the real prototype and experimentally tested. As these experiments were focussed on mechanical synchronization, the generator was not grid connected VOLUME 6, 2018 during these tests. Instead, grid phase and frequency were obtained from a computer-generated signal.
Example experimental data from a successful synchronization run, is shown in Fig. 12 . The system was triggered at 1 s, and a ballistic synchronization trajectory was followed which led to synchronization at 5 s. After that time the generator's phase and frequency match and follow the target grid cycle, meeting all criteria required to allow the physical connection to the power grid. A comparison between the Simulink model and our experimental hardware is provided by examining the control voltage output to the NG16 valve (Fig. 12(c) ). This shows that during most of the acceleration period (e.g. > 2 s) the experimental and simulated values closely agree, however small but significant differences can be observed within the first second after the system is triggered. This is due to the different dynamic behavior of the experimental and simulated valves (remembering Fig. 8 ). This explanation is confirmed by Fig. 12(d) which shows that the measured initial spike in acceleration in the real system is greater than the value in the equivalent simulation, due to the non-ideal transient behavior of the valve during the rapid poppet motion which occurs at start-up. However, the PI-controller compensates for this deviation from simulated behavior so that the experimental and simulated acceleration values converge to the same value for the period 2 s to 5 s. In both experiment and simulation, the controller switches from ballistic mode to grid-following mode at 5 s, as shown by a sharp peak in the control voltage in Fig. 12(c) . This denotes that synchronization has been achieved in both cases. In fact, the experimental system synchronizes slightly later than the simulation (by one grid cycle, 20 ms), which is due to the necessity to skip an extra grid cycle to correct the non-ideal behavior followed during the first moments after the valve is opened.
VI. CONCLUSION
In this paper, we have presented experimental verification in hardware of a ballistic synchronization approach which allows the rapid start-up and synchronization of a mechanical generator from rest. This approach computes and follows an acceleration trajectory which ensures both phase and frequency match the grid at the same point in time, and then switches to a 'grid-following' mode which retains synchronization indefinitely allowing time for the electrical connection of the generator terminals to the power grid. The control approach was developed in computer simulations prior to implementation in hardware. Experimental testing in hardware showed closely similar behavior to the modeled outputs, despite some differences in the rapid transient response of the simulated valve compared to the real hardware. Our results demonstrate that primary frequency support in power grids could be provided by a standalone synchronous generation which is maintained at rest. This approach eliminates idling losses associated with conventional spinning reserve thus greatly reducing the operating costs, and could increase the availability of existing generating assets by freeing it from frequency support duties. RAMESH RAYUDU (SM'11) received the B.E. degree (Hons.) from Osmania University, India, the M.E. degree from the University of Canterbury, New Zealand, and the Ph.D. degree in artificial intelligence (AI) and power systems engineering from Lincoln University, New Zealand. He has over 15 years of industrial work experience both in India and New Zealand. He is also involved in consultation work for several international firms in New Zealand, Australia, Singapore, Malaysia, India, and USA. He is currently a Senior Lecturer with the Victoria University of Wellington. His current research interests include power systems engineering, renewable energy systems, AI applications, health monitoring, and energy harvesting.
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